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Abstract: A novel ligand, namely, (N’,N”’-((1E,2E)-1,2-diphenylethane-1,2-diylidene)bis(3-allyl-2-
hydroxybenzohydrazide) (H2DBAZ), was designed and synthesized. This ligand demonstrated the
ability to successfully interact with Tb(III) ions, resulting in the formation of a chemosensor that
exhibited luminescent properties. The novel ligand was produced and subsequently subjected to
characterization with several analytical techniques, including mass spectroscopy, elemental analysis,
Fourier-transform infrared spectroscopy (FTIR), and proton nuclear magnetic resonance spectroscopy
(1H NMR). The postulated chemical structure of the Tb(III)–(DBAZ) complex was assessed utilizing a
molar ratio approach. The chemosensor exhibited both selectivity and sensitivity towards malathion
when compared to other nine organophosphorus pesticides that were investigated in methanol. The
method was based on the phenomenon of luminescence static quenching shown by the complex
subsequent to its interaction with the malathion pesticide. A linear Stern–Volmer plot was seen
and, subsequently, utilized to generate the calibration curve. The observed linear range spanned
from 0.39 to 60 µM, with a strong correlation coefficient of 0.999. Additionally, the limit of detection
(LOD) was determined to be 0.118 µM. This methodology was successfully employed to measure
the presence of malathion in various water samples. This particular complex exhibited promising
potential for application in the development of a chemosensor utilizing the molecularly imprinted
polymer approach.
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1. Introduction

Pesticides are very important to the fast and efficient growth of agriculture because
they protect crops as they grow and help store and move agricultural products [1]. Pes-
ticides can be used to decrease the number of weeds and pests in order to enhance the
agricultural product yield [2]. Moreover, even trace quantities of pesticide residues can
dangerously pollute food, severely harm the natural environment, and endanger people’s
health [3–5]. The wide and excess use of pesticides has resulted in the presence of pesticide
residues in drinking water and soil, which reaches the human body through the food
chain. Therefore, pesticide contamination has become a major and important issue [6,7].
Malathion is an organophosphorus pesticide that has been extensively utilized in agricul-
ture since 1950 [8]. The effectiveness of this compound in eliminating crop-damaging pests
has led to their pervasive application in agricultural product enhancement [9,10]. However,
the inaccurate use of malathion can result in a variety of environmental contaminations,
including soil and water pollution, which further compromises the safety of food. From
water bodies, it enters the food chain either through a direct or indirect way and, ultimately,
causes damage to people and other aquatic beings.
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In order to safeguard human wellness and the safety of industrial and agricultural
employees, the Environmental Protection Agency (EPA) and the Food and Drug Adminis-
tration (FDA) have regulated the utilization of malathion [11]. The EPA has determined
that malathion is a class III (moderately hazardous) carcinogen. The FDA has established
an 8 mg L−1 maximum residual limit (MRL) for malathion in food [12]. The World Health
Organization (WHO) stated that more than a billion children suffer from diarrhea every
year because they eat tainted food. This directly causes more than three million deaths from
phosphate poisoning [13–15]. The toxic effects of pesticides are related to their efficiency in
blocking acetylcholinesterase enzyme activity. This enzyme is crucial for the functioning of
the nervous system, since it aids in the breakdown of acetylcholine, a neurotransmitter [16].
An excess of acetylcholine can lead to organ failure [17]. Within this context, the European
Commission (EC) has set an overall MRL for pesticides in food at 0.01 mg/kg, while the
FAO set an MRL of 1 mg/kg for malathion in fruit [18]. Hence, there is an immediate need
for the precise detection and evaluation of organophosphorus pesticide residues in water
to safeguard both food quality and human health [19].

The currently analytical methods for analyzing malathion and its derivatives depend
heavily on chromatographic methods, such as GC [20], GC-MS [21–23], and HPLC [21,24].
Chromatographic analysis techniques offer a number of benefits, such as adequate sensitiv-
ity reaching parts per billion (ppb), high selectivity, and the ability to discriminate pesticides
from complex samples; however, they also have drawbacks that are easily noticeable, in-
cluding cumbersome sampling procedures and the expertise of trained technicians [25–27].
Therefore, there is an immediate need for quick, easy-to-use, and sensitive techniques for
detecting pesticide residues in the real-world environment, such as chemosensors. The
three main types of chemosensors based on the physical mechanism of sensing are thermal,
electrical, and optical [28].

Optical chemical sensors provide many advantages over their electro-chemosensors,
including greater selectivity, resistance to electromagnetic interference, and less risk of
injury while handling potentially explosive compounds. Optrodes are similar to potentiom-
etry, in that they can be used without a reference cell. They are also simple to miniaturize
and can facilitate several investigations with a single set of control instruments [29]. Optical
detection methods are fast, cheap, and easy to use. They are mostly used for detecting pes-
ticides in a specific and sensitive way by monitoring changes in optical signals of different
sources, like fluorescence, phosphorescence, SPR, SERS, and chemiluminescence [30]. The
fluorescent technique is a more practical detection approach because of its high sensitivity,
quick reaction speed, low detection limit, easy operation, and visible detection mode via
eye vision [31,32]. Several research works highlight and describe recent developments
in the field of luminescent-based optical sensors, and researchers are still working to cre-
ate sensors with enhanced selectivity and sensitivity (lower LOD) for individual analytes,
wider dynamic ranges, and the ability to monitor analyte concentrations in real time [33–36].
A variety of optical probes were devised to detect malathion using plasmonic nanopar-
ticles, aptamers, enzymes, and other techniques [37–40]. However, certain approaches
necessitate costly enzymes, intricate sample preparation procedures, and skilled operators
to operate sophisticated instruments, thereby restricting their applicability. In addition to
these efforts, the previous decade has also seen the development of luminescent lanthanide
ions in optical chemosensors, specifically red- and green-emitting europium and terbium
ions, respectively [41–44]. Chemosensors based on these ions have several benefits over
conventional organic-based luminescent designs because of their unique photophysical
features. The Tb(III) and Eu(III) complexes have some unique benefits, like being able
to adjust the wavelength of excitation by choosing the ligand (chromophore) [45], good
photochemical stability, a very narrow and strong emission band, and the capability to
directly interact and coordinate with the analytes because of their large charge and size [46].
Further, their emission properties (lifetime, wavelength, and intensity) are more sensitive
and affected by the compounds that bind to it [47]. These characteristics have led to great
interest in optical sensor technologies that make use of lanthanides [48]. Adjusting the
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selectivity capabilities of new Tb(III) or Eu(III) sensors is one of the most difficult parts of
creating them. The most frequent methods for obtaining selectivity have included changing
the structure and stoichiometry of the ligands bound to the lanthanide metal ions.

The luminescence of lanthanide ions is poor because of the Laporte forbidding char-
acter of the 4f transitions; as a result, their molar absorption coefficients are generally
less than 3 M−1 cm−1 [49]. Sensitized emission, often known as the “antenna effect”, is a
method for indirectly exciting lanthanide ions [50]. This sensitization method allows for
the characteristic emission of the lanthanide ion by transferring energy from an organic
ligand (antenna (organic moiety)) to the lanthanide ion, thereby overcoming the restrictions
that prevent the f–f transition of lanthanide ions. To achieve efficient sensitization, it is
important to select an antenna whose triplet energy level is consistent with that of the
lanthanide ion [51].

In the present work, a new ligand was synthesized, characterized, and used as an
organic ligand (antenna) for Tb(III) to design a new luminescent lanthanide complex-
based sensor. This innovative probe showed sensitive and selective detection of malathion
pesticides. The determination was dependent on monitoring the luminescence quenching
at 545 nm of the probe (characterized by Tb(III) ions) using an excitation wavelength of
360 nm in methanol. The probe showed selectivity and sensitivity towards malathion over
other nine organophosphorus pesticides. Our probe showed the highest selectivity and
sensitivity with a detection limit less than other previous probes and previous luminescent
lanthanide probes [41–44]. The determination of malathion was based on static quenching.
This approach was effectively used to quantify malathion in different water samples. This
study is a continuation of our efforts to design molecularly imprinted polymer sensors
containing luminescent Tb(III) or Eu(III) complexes that can be polymerizable, to show
selectivity profiles for organophosphate pesticide analytes, and to find the optimal testing
conditions for use as chemosensors in the identification of several classes of pesticides.

2. Materials and Methods
2.1. Materials

All chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) (high-purity grade) and used without purification. The chemicals were as follows:
terbium chloride hexahydrate (TbCl3.6H2O), 3-allyl-2-hydroxybenzohydrazide, and benzil.
The heavy metal salts used were Ni(NO3)2, Cd(NO3)2, Pb(NO3)2, CaCl2, NaCl, KCl, and
NH4Cl. Pesticides used included diazinon (A1), crotoxyphos (A2), chlorpyrifos (A3),
chlorfenvinphos (A4), azinphos-ethyl (A5), phosdrin (A6), malathion (A7), heptachlor (A8),
and endosulfan (A9) (Scheme S1). The solvents used were deionized water, methanol,
ethanol, acetonitrile, and tetrahydrofuran (THF).

2.2. Instruments

The following instruments were used in this study: 1H NMR was performed on a
Bruker Ascend 850 MHz (Bruker, Billerica, Massachusetts, USA). FTIR spectra was recorded
in the 500–4000 cm−1 region through a Bruker FTIR Al-pha spectrometer (https://www.
bruker.com, accessed on 2 August 2008). UV–VIS spectra were recorded using a Shimadzu
UV-1800 spectrophotometer. (Shimadzu, Kyoto, Japan) (https://www.shimadzu.com,
accessed on 5 May 2017). Emission spectra were obtained using a Jasco 6300 spectroflu-
orometer (Jasco, Tokyo, Japan ) (https://jascoinc.com, accessed on 8 September 2010).
The elemental analysis (CHN) was performed using an Elementar Varian EL instrument
(Elementar, Langenselbold, Hesse, Germany). Mass spectra were obtained on a LTQ XL
linear ion trap mass spectrometer (Thermo Scientific™, Waltham, MA, USA).

2.3. Ligand Preparation (H2DBAZ)

In total, (0.40 g, 2 mmol) of benzil in ethanol (25 mL) was gradually added to (0.80 g,
4 mmol) of 3-allyl-2-hydroxybenzohydrazide in ethanol (50 mL), which was synthesized
according to Ibrahim et al. [40]. The reaction mixture was refluxed for 10 h. The precipitate

https://www.bruker.com
https://www.bruker.com
https://www.shimadzu.com
https://jascoinc.com


Chemosensors 2023, 11, 570 4 of 17

was collected, filtered, washed with ethanol, and then dried. Further purification was
achieved through recrystallization from ethanol, resulting in a fine pale butter-yellow
powder with a yield of 65%. It had a melting point of 180 ◦C (Scheme 1).
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Elemental analysis: calculated: (C, 73.10; H, 5.41; N, 10.03) found (C, 72.97; H, 5.63; N,
10.29). MS (ESI, positive mode): m/z = 558.64 [M]+, calculated mass for C34H30N4O4 558.23
(Figure S1). 1H NMR (DMSO, 400 MHz) δ ppm: 3.26–3.28 (m, 4 H, 2 CH2), 4.95–5.04 (m, 4 H,
2 CH2), 5.96–6.06 (m, 2 H, 2 CH), 6.53–7.27 (m, 8 H, Ar-H), 7.42–7.76 (m, 8 H, Ar-H), 7.94 (bs,
2 H, 2 NH exchange with D2O) (Figures S2 and S3). The IR bands were ν(O−H) phenolic
3397 cm−1, ν(N−H) at 3255 cm−1, ν(C=O) 1605 cm−1, ν(C=N) 1575 cm−1, δ(N−H) amide
I band at 1393 cm−1 and δ(N−H) amide II band at 1338 cm−1 (Figure S4).

2.4. Solution Preparation

A total of 10−3 M stock solutions of Tb(III) ions, H2DBAZ, and pesticides were pre-
pared by dissolving a calculated amount of each in methanol. Working solutions were
prepared by appropriately diluting stock solutions. Working solutions were freshly pre-
pared daily. The complex was freshly prepared through mixing appropriate amounts of
ligand and Tb(III) stock solutions and completing the working solution with methanol. The
fluorescence intensity of the complex was tested throughout one hour (every 5 min). The
complex showed good stability where the fluorescence intensity of the working solution
was still constant within one hour. All of the solutions were kept in 4 ◦C and kept in the
dark with the use of aluminum foil.

2.5. The Experimental Procedure

The emission spectra and luminescence intensities were recorded at an emission
wavelength of 545 nm using an excitation wavelength of 360 nm. The effects of adding
pesticides (0, 0.5, 1, 5, 10, 20, 40, and 60 µM) to the complex were studied in a 1 cm quartz
cuvette. The molar ratio 1:1 of Tb(III)/H2DBAZ was used for all the experiments. The
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data obtained were analyzed using the Stern–Volmer equation, owing to the quenching
effect. The type of luminescence quenching was investigated by plotting the titration data
using the Stern–Volmer equation at various temperatures. Each measurement was repeated
thrice, and the average value was calculated and recorded.

2.6. Sample Preparation

The water samples were collected from different regions in Ismailia city, Egypt. The
samples were collected in 1 L glass containers. The samples were filtrated through a
Whatman filter paper grade 1 circle (125 mm diam., thickness 180 µm, and 0.45 µM pore
size) to remove the suspended wastes and solids. The pHs of the samples were adjusted in
the range from 6.0 to 8.0 with 0.1 M sulfuric acid or sodium hydroxide. The samples were
refrigerated at 4 ◦C until they were utilized. Due to the low levels of malathion in the water
used in this investigation, a recovery study was conducted following the addition of the
necessary amounts of malathion to real water samples. The extraction and analyses were
conducted 24 h after malathion was added to the water from various sources.

The extraction of malathion from water samples was performed as follows: A sample
of 100 mL of water was put into a 250 mL separatory funnel. The separatory funnel was
shut after adding 20 mL of methylene chloride, then agitated for 1–2 min with occasional
venting to release the pressure. The organic layer extract was obtained after the funnel had
been left to sit for 10 min. Two further extractions were performed using new portions of
methylene chloride. The extracts were dried with anhydrous sodium sulfate and heated
until they were almost dry. The residue was dissolved with 1 mL of methanol and used for
a spectrofluorimetric analysis.

3. Results and Discussion
3.1. Spectral Properties of the Chemosensor and Its Interaction with Malathion
3.1.1. UV–Vis Absorption Spectroscopy

The spectral properties of the ligand (H2DBAZ) and its complex with the Tb(III)
ions were studied using luminescence and UV–Vis absorption spectroscopy in methanol.
H2DBAZ showed two absorption bands at 249 and 298 nm due to the π → π*
(ε249 nm = 10,520 ± 120 M−1 cm−1) and n→ π* (ε298 nm = 10,520 ± 120 M−1 cm−1) tran-
sitions, respectively. The n → π* band was attributed to the –OH, NH, C=O, and C=N
groups. When treated with Tb(III), a blue and hypochromic shift of the bands was observed
at 245 and 294 nm, respectively, proving the coordination between the H2DBAZ and Tb(III)
ions (Figure 1). Additionally, upon the addition of malathion (A7) to the Tb(III) complex,
the band at 245 nm unchanged, while a blue shift on the absorption band of the complex
at 294 to 288 nm with a slightly increased absorbance revealed the binding between the
complex and the pesticide.

The effect of the solvents on the absorption of the ligand (H2DBAZ) and its complex
with the Tb(III) ions was tested, as shown in Figures S5 and S6. As the polarity of the
solvents increased, there was a slight decrease in the wavelength (bathochromic shift). The
presence and strength of the hydrogen bonds between the solvent molecules and spectrally
active molecules affected the degree of spectral shift for these molecules. Hydrogen bonds
usually present between the substituent groups of the spectrally active molecule and
the –NH or –OH groups of solvent molecules [52]. Changes in the spectra are solvent-
polarity-sensitive to molecules that lack intramolecular hydrogen bonds. Consequently,
as the polarity of the solvent increases, the bands (π–π*) of many molecules undergo a
bathochromic shift. Hydrogen bonding between solute and solvent molecules is thought to
be the cause of these shifts [53].
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Figure 1. UV-vis spectra of 5 × 10−5 M H2DBAZ (black line), 5 × 10−5 M Tb(III) + 5 × 10−5 M DBAZ
(red line) and 5 × 10−5 M Tb(III) + 5 × 10−5 M DBAZ + 5 × 10−5 M A7 (blue line) in methanol at
room temperature.

3.1.2. Luminescence Emission Spectroscopy

Figure 2a shows the fluorescence spectrum of H2DBAZ in methanol at an excitation
wavelength of 360 nm. H2DBAZ exhibited an emission band at 437 nm in methanol. When
the photochemically active group-containing molecule in methanol was excited at 300 nm,
the nonbonding electrons were promoted to the π* orbital (n→π*) and then deactivated,
resulting in an emission at 437 nm [54]. The luminescence excitation and emission spectra
of Tb(III)–DBAZ in methanol are shown in Figure 2b. The excitation spectra of the Tb(III)
complex were measured using the emission wavelength (λem = 545 nm) within the scanning
range of 200–400 nm.

Additionally, the emission spectra of the probe were determined to be in the range
of 400–750 nm at λex = 360 nm. The characteristic luminescence peaks 5D4→7F6 (490 nm),
5D4→7F5 (545 nm), 5D4→7F4 (587 nm) and 5D4→7F3 (620 nm) transition of Tb(III) [55] were
observed. The transition localized at 545 nm, which was the strongest, was hypersensitive
and very sensitive to the coordinating environment. The probe was found to have a
quantum yield (QY) of 0.61, which was calculated using the method as mentioned in
reference [56].

The f–f absorption bands were extremely narrow due to the environment-related
shielding of the 4f orbital by an outer shell of 5s and 5p orbits [57]. Tb(III) ions’ excited
states could be more densely populated by binding to organic ligands, which acted as
a sensitizer. Lehn [58] used the term “antennas” to describe the ligands that exhibited
this characteristic. These ligands in the lanthanide complex absorbed light and effectively
transported it to the metal ion within the molecule, therefore, enhancing the luminescence
of the complex. The energy transfer efficiency could be calculated from the change in the
peak area for the emission spectra of the ligand before and after the complexation with the
Tb(III) ion. The peak areas (A) of H2DBAZ and the Tb(III)–DBAZ complex were 10,233 and
13, respectively, at λex = 360 nm in the range of 370–475 nm. The intramolecular energy
transfer efficiency reached up to 99.87% (1 − (A H2DBAZ/A Tb(III)-DBAZ) =1 − (13/10,233 ×
100 = 99.87%) [59]. It was proven that the ligand increased the luminescence intensity of
the Tb(III) ion by transferring virtually all the absorbed energy to the Tb(III) ion.
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Figure 2. (a) Fluorescence spectra of 5 × 10−5 M H2DBAZ in methanol at λex = 360 nm. (b) The
luminescence excitation and emission spectra of 5 × 10−5 M Tb(III)-DBAZ in methanol, sensitivity
medium, and at room temperature using λex/em = 360/545 nm.

3.2. Solvent Effect

The influence of solvents on the luminescence intensities of the Tb(III) complex was
investigated, and the result is given in Figure 3. Water quenched the emission of the
Tb(III)–DBAZ complex because it could absorb the electronic excitation energy of terbium
ions through the high-frequency vibrational overtones of the O–H bond of water [60]. The
luminescence intensities of the complex in water, acetonitrile, ethanol, and methanol at
λ = 545 nm were 10, 185, 263, and 555, respectively. As mentioned, the luminescence inten-
sity of the complex increased in the order methanol > ethanol > acetonitrile > water and was
inversely proportional to the polarity index of the solvent (water = 10.2; acetonitrile = 5.8;
ethanol = 5.2; and methanol = 5.1) [61]. The polarity index is defined as a measure of the
degree of interaction between the solvent and the polar solute. Thus, the luminescence in-
tensity of the complex decreased as the degree of the solvent interaction increased. Physical
interactions between solvents and ligands vary in the quantity of energy absorbed, thereby
modifying the luminescence intensity of the probe [62]. Thus, solvents affected the excited
state of the ligand, altering the energy gap between the triplet state of the ligand and the
emission level of terbium ions, which influenced the energy transfer efficiency. As a result,
the emission at 437 nm (ligand) changed when various solvents were used.
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3.3. Complex Stoichiometry

The stoichiometry of the Tb(III) probe was evaluated using a molar ratio method.
Figure 4a shows the luminescence intensity (on y-axis) vs. molar ratio ([H2DBAZ]/[Tb(III)])
(on x-axis), in methanol at the emission wavelength of 545 nm and using an excitation
wavelength of 360 nm. The molar ratio 1:1 showed the best emission intensity. Under these
conditions, the hypothesized chemical structure of the Tb(III)–(DBAZ) complex is displayed
in Figure 4b, where the ligand acted as a hexadentate ligand through four oxygen atoms
and two nitrogen atoms and the coordination sphere was completed with two molecules of
methanol. One chloride atom was present at the outer sphere of the complex.
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Figure 4. (a) Luminescence intensity of ligand/Tb(III) molar ratio at λex/em = 360/545 nm in methanol
at room temperature ([Tb(III)] = 5 × 10−5 M; [H2DBAZ] = 0, 2.5 × 10−5, 5 × 10−5, 1 × 10−4,
1.5 × 10−4); (b) the hypothesized structure of the Tb(III) complex.

3.4. Response Time

In order to determine the best time of measuring the luminescence intensity of the
probe, the luminescence signal of the probe at 545 nm was monitored with time (Figure S7).
It was observed that the signal increased with time to approximately 25 min of the start
point, then stabilized. Based on this point, we performed all studies after mixing the Tb(III)
ions and ligands for 30 min, at which point the luminescence reached its maximum value
and became constant. This may be attributed to the complete binding between the Tb(III)
ion and ligand, which permitted the effective transport of the absorbing light by the ligand
to the metal ion within the molecule to be maximum.

3.5. Selectivity

The luminescence response of the 5 × 10−5 M of Tb(III) complex towards 5 × 10−5 M
of pesticides (chlorfenvinphos, chlorpyrifos, phosdrin, azinphos-ethyl, dichlorvos, cro-
toxyphos, diazinon, isofenphos, malathion, paraoxon-ethyl, endosulfan, and heptachlor)
in methanol is shown in Figure 5. The signal of the probe was quenched with malathion
when compared with other pesticides at 545 nm. These results indicated that the probe
detected malathion in methanol with greater sensitivity and selectivity. This may have
been attributed to the selective complex formation between the probe and malathion. The
binding was monitored via the alteration in the emission bands of the Tb(III) complex (es-
pecially 545 nm). It was also observed that the band at 470 nm due to the ligand (H2DBAZ)
was affected with different pesticides, which suggested that the ligand could be used as a
chemosensor for organophosphorus pesticides under our investigation. The use of the lumi-
nescent lanthanide complex here as a probe had a higher advantage than the organic ligand,
where the complex showed a characteristic spectra when compared to organic ligands,
such as millisecond lifetimes, sharp emission spectra, and a higher quantum yield. Hence,
the utilization of lanthanide-complex-based chemosensors presented a more advantageous
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alternative compared to organic fluorophores, particularly in addressing challenges related
to background autofluorescence [43].
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Figure 5. (a) Luminescence spectra of the interaction between 5 × 10−5 M of Tb(III)–(DBAZ) complex
and 5 × 10−5 M of different pesticides in methanol, λex/em = 360/545 nm, high sensitivity at room
temperature. (b) Histogram of F0/F values versus organophosphorus pesticides under study, where
F0 and F are the luminescence intensity of the complex in the absence and present of the pesticides
in methanol, respectively, λex/em = 360/545 nm, high sensitivity at room temperature. Diazinon
(A1), crotoxyphos (A2), chlorpyrifos (A3), chlorfenvinphos (A4), azinphos-ethyl (A5), phosdrin (A6),
malathion (A7), heptachlor (A8), and endosulfan (A9).

3.6. Calibration Curve

The emission spectra and calibration curve of 5 × 10−5 M of the Tb(III)–(DBAZ)
complex with various concentrations of malathion (0, 0.5, 1, 5, 10, 20, 40, and 60 µM) in
methanol, λex = 360 nm, are display in Figure 6. The emission intensity measurements
of the complex with various concentrations of malathion displayed a quenching at the
emission peak of the Tb(III) ion (λem = 545 nm). Plotting F0/F against (A7) gave a straight
line until a concentration of 60 µM with a regression equation F0/F = 1.003 + 0.042 (A7) µM
(Figure 6b). The linear range of the calibration curve was 0.39–60 µM with the correlation
coefficient of R2 = 0.999. The accuracy was 101.52% (n = 8). The limit of detection (LOD)
and the limit of quantification (LOQ) were 0.118 and 0.39 µM, respectively. The LOD and
LOQ were obtained using the following equations:

LOD = 3δ/slope (1)

LOQ = 10δ/slope (2)

in which δ is the standard deviation of the blank containing 5.00 × 10−5 M of the Tb(III)–
(DBAZ) complex in methanol. Table 1 includes a simple comparison between our probe and
some other lanthanide-based probes, all used in detecting malathion. Our probe showed a
lower detection limit than other probes [41–44].
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Figure 6. (a) Emission spectra of 5 × 10−5 M of Tb(III)–(DBAZ) complex with various concentrations
of malathion (p6) in methanol, sensitivity high, λex = 360 nm, λem = 545 nm, and at room temperature.
(b) Calibration plot for malathion (A7) after its interaction with 5 × 10−5 M of Tb(III)–(DBAZ)
complex in methanol medium, λex/em = 360/545 nm, and at 25 ◦C.

Table 1. An evaluation of Tb(III)–(DBAZ) probe compared with some chemosensors for malathion
detection.

Probe Limit of Detection Interferent Pesticides Medium of
Detection Reference

Tb(III)- N′,N′′′-((1E,2E)-1,2-
diphenylethane-1,2-diylidene)bis(3-

allyl-2-hydroxybenzohydrazide
0.118 µM ------- Methanol This work

Tb(III)-ethyl-4-hydroxy-1-(4-
methoxyphenyl)-2-oxo-1,2-

dihydroquinoline-3-carboxylate

0.94 µM in ethanol
2.68 µM in water Crotoxyphos

Ethanol
or

water
[41]

Tb(III)-N(acetoacetyl)-3-allyl-2-
hydroxy benzaldehyde

hydrazone
9.59 µM Chlorfenvinphos Ethanol [42]

Eu(III)–1,10 phenanthroline-
4,4,4-trifluoro-1-(2-naphthyl)-1,3-

butanedione
0.64 µM

Chlorpyrifos
endosulfan,
heptachlor

HEPS buffer
(pH = 7.5) [43]

Eu(III)–2,6-pyridinedicarboxylic acid 2.50 µM Azinphos
chlorfenvinphos

HEPS buffer
(pH = 7.5) [44]

3.7. Mechanism of Quenching

The emission intensity of the Tb(III) complex exhibited a consistent reduction as the
concentration of malathion steadily increased. This observation suggested a potential inter-
action among the complex and malathion. The major reason for the observed quenching of
the probe could be attributed to the formation of an adduct between the ground state Tb(III)
complex and malathion, or, alternatively, to collisional quenching. The linear relationship
between the ratio of F0/F and malathion concentration, as seen in Figure 6a, exhibited a
positive correlation. This correlation may be accurately described by a linear regression
equation that adhered to the Stern–Volmer equation.

F0/F = 1 + Ksv [Q] = 1 + Ka [Q] (3)

Ksv is the Stern–Volmer constant. Under specific conditions [63] for static quench-
ing, the Stern–Volmer constant can be replaced with the thermodynamic association
constant Ka.
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The plot generated using the Stern–Volmer equation did not exhibit any departure to-
wards the y-axis throughout the experimental concentration range under investigation. This
observation suggested that either static or dynamic quenching was the main mechanism.

The distinction between static and dynamic quenching may be discerned based on
their respective dependencies on temperature and excited-state lifetime. The phenomenon
of dynamic quenching can be classified as being diffusion-controlled due to the requirement
for the quencher to undergo a diffusion towards the fluorophore during the lifetime of
the excited state’s existence. The diffusion coefficient was anticipated to rise at elevated
temperatures, leading to a corresponding increase in the bimolecular quenching constants.
If the value of K dropped as the temperature increased, it could be inferred that the
quenching process was characterized by a static nature rather than a dynamic one. Static
quenching is characterized by the presence of an effective quenching sphere or the formation
of a nonluminescent complex in the ground state. On the other hand, collisional or dynamic
quenching occurs when an excited-state fluorophore and a ground-state quencher collide,
leading to the formation of a transient complex. The complex in the excited state undergoes
dissociation through both radiative and nonradiative deactivation processes.

The mechanism was confirmed by studying the effect of temperature on the interaction
between the malathion and the probe (Tb(III)–(DBAZ)) by monitoring its luminescence
intensity and plotting the Stern–Volmer equation at various temperatures (Figure S8).
Table 2 shows that the Stern–Volmer binding constant (Ksv) was inversely proportional
to the temperature. This could be considered evidence for the probable quenching of
malathion–Tb(III)–(DBAZ) luminescence through a binding reaction, which was initiated
through ground-state compound formation rather than dynamic collision. The quenching
plots illustrated that the quenching of the emission of the Tb(III) complex was in good
agreement with the linear Stern–Volmer equation. Increasing the temperature usually
causes the dissociation of weakly bound compounds. Therefore, chelation-enhanced
luminescence quenching (CHEQ) may give us a simple explanation for the luminescence
quenching of the complex [64,65]. Therefore, the malathion was coordinated to the probe
through the functional thiophosphoryl group (P=S) or carbonyl group (C=O); this chelation
formed a nonluminescent complex, causing a quenched luminescence signal.

Table 2. Stern–Volmer constants of the interaction between Tb(III) complex and malathion pesticide.

Temp.
(K) Correlation Coefficient (r) Ksv (Slope)

(M−1)

298 0.999 4.20 × 104

303 0.998 4.04 × 104

308 0.995 3.72 × 104

313 0.988 3.09 × 104

318 0.948 2.54 × 104

3.8. Thermodynamic Parameters

At various temperatures (303, 308, 313, and 318 K), the Lineweaver–Burk plot was
utilized to compute the binding constants (K) [66]; the data are collected in Table 3. The
thermodynamic parameters ∆Hº and ∆Sº were evaluated for the additional characterization
of the contact between the Tb(III)–(DBAZ) probe and malathion using the Van ’t Hoff
equation [67]:

Ln K = −∆H
RT

+
∆S
R

(4)

The value and sign of (∆Hº) and (∆Sº) were significant evidence for confirming the
binding modes. A positive ∆Hº and ∆Sº would indicate a hydrophobic interaction and a
negative ∆Hº and ∆Sº would reflect the Van der Waals force or hydrogen bond. In contrast,
negative ∆Hº and positive ∆Sº would suggest an electrostatic force [68].
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The free energy (∆Gº) was calculated using:

∆G0 = −RT lnK (5)

The data are given in Table 3 and Figure 7 and Figure S9. The binding constant
decreased as the temperature rose, suggesting that the interaction of malathion with the
probe was exothermic. The negative value of ∆Gº and ∆Hº and the positive value of ∆Sº
indicated that an electrostatic force played a significant role in the binding and the reaction
was spontaneous [69].

Table 3. Thermodynamic parameter associated with the interaction of malathion (A7) with
5 × 10−5 mol/L of Tb(III)–(DBAZ) in methanol medium.

Temp.
K

Binding Constant
K (M−1) R2 ∆H0

(KJ mol−1)
∆S0

(J mol−1. K−1)
∆G0

(KJ mol−1)

303 4.80 × 104 0.979

−13.94 43.23

−26.03
308 4.20 × 104 0.981 −25.77
313 3.80 × 104 0.999 −24.04
318 3.40 × 104 0.998 −24.32
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3.9. Interfering Species

Various interferents were used to investigate the interfering effect on the luminescence
intensity of the probe in the presences of 20 µM of malathion pesticide. The effect of other
frequently applied pesticides, e.g., heptachlor, chlorpyrifos, paraoxon-ethyl, and dichlorvos,
on the malathion determination was also examined. The results are collected in Table 4.
The tolerant concentration of the interferents was determined at a ±5% deviation from
the mean luminescence intensity of the probe in the presence of a fixed concentration of
malathion pesticide.
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Table 4. The tolerant concentration of interference in the presence of 20 µM malathion in methanol.

Interferents The Tolerant Concentration (µM)

Cu2+ 25 Q

Pb2+ 50 Q

Ni2+ 30 Q

Co2+ 80 Q

Cd2+ 40 Q

NO3
− 50 Q

CO3
2− 10 Q

PO4
3− 10 E

Heptachlor 80 Q

Chlorpyrifos 100 E

Dichlorvos 100 Q

Paraoxon-ethyl 60 Q

Q: luminescence quenching effect. E: luminescence enhancement effect.

3.10. Application

Several types of water (river, tap, and waste) were tested for the insecticide malathion
using the suggested approach in methanol. Mixed standard solutions of malathion were
added to the water samples (the spiked concentrations were 10 and 20 µM) to investigate
the spiked rates of the recovery of malathion pesticide. The results are presented in Table 5.
Standardized addition statistics were used to evaluate the precision and reliability of the
proposed approach [70]. Table 5 shows the recovery percentages, which were between
93.20% to 108.95%, with an average of 101.07% (based on three separate analyses), meeting
the standards for a routine analysis detection. The RSD values were between 25.2% and
4.36%, which was in compliance with requirements of the stability.

Table 5. Recovery data of malathion in different water samples.

Water Sample Added
(µM)

Found
(µM) Recovery (%) RDS (%)

Tap water

10.00 9.53 95.30%

2.52

10.00 9.62 96.20%
10.00 9.55 95.50%
20.00 20.41 102.05%
20.00 20.70 103.50%
20.00 21.79 108.95%

River water

10.00 9.85 98.50%

4.36

10.00 9.70 97.00%
10.00 10.16 101.60%
20.00 19.59 97.95%
20.00 19.78 98.90%
20.00 21.77 108.85%

Wastewater

10.00 10.30 103.00%

3.57

10.00 9.80 98.00%
10.00 9.32 93.20%
20.00 21.20 106.00%
20.00 19.20 96.00%
20.00 19.19 95.95%

4. Conclusions

A simple, luminescence-based chemosensor was developed for malathion determina-
tion using a Tb(III) complex. A new ligand was synthesized and characterized using FT-IR,
1H NMR, and elemental analysis. Malathion was detected in methanol. The determination
was dependent on monitoring the quenching of the luminescence intensity at 545 nm of
the probe (characterized by Tb(III) ions). The quenching mechanism was static through
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chelation-enhanced luminescence quenching (CHEQ) between malathion and the probe.
The calibration curve was developed utilizing the Stern–Volmer equation. The linear range
was between 0.39 and 60 µM, and the correlation coefficient was 0.999, while the LOD was
0.118 µM. The thermodynamic parameters were calculated and inferred that the binding
was an electrostatic force of spontaneous origin and involved an exothermic process. The
approach was effectively used to quantify malathion in different samples of water. More
studies should be conducted to create molecularly imprinted polymer (MIP) fiberoptic
sensors that can directly monitor samples of organophosphates pesticides.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11120570/s1, Figure S1: mass spectrum of the ligand;
Figure S2: 1HNMR of the ligand in DMSO-d6; Figure S3: 1HNMR of the ligand in DMSO-d6 + D2O;
Figure S4: IR spectrum of the ligand; Figure S5: UV spectra of 5 × 10−5 M H2DBAZ in different
solvents at room temperature; Figure S6: UV spectra of 5× 10−5 M Tb(III)-DBAZ complex in different
solvents at room temperature; Figure S7: effect of time on the luminescence intensity of 5× 10−5 M of
Tb(III)–(DBAZ) complex in methanol medium, sensitivity high, λex = 360 nm.; Figure S8: F0/F against
[A7] for malathion upon its interaction with 5 × 10−5 M of Tb(III)–(DBAZ) complex in methanol at
different temperatures, λex = 360 nm; Figure S9: 1/F0-F against 1/[pesticide] for malathion (A7) upon
its interaction with 5 × 10−5 M of Tb(III)–(DBAZ) at different temperatures, (a) at 303 K, (b) at 308 K,
(c) at 313 K, and (d) at 318 K.
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